Background: PHF2 is a histone demethylase that possesses an H3K4me2/3 binding activity. Results: PHF2 represses rDNA transcription depending on its H3K4me2/3 binding but not demethylase activity and does so by antagonizing PHF8 and recruiting SUV39H1. PHF2 also seems to generally repress Pol II transcription. Conclusion: PHF2 represses rather than activates rDNA transcription. Significance: This work reveals a potential general transcriptional repression function for PHF2.
In eukaryotic cells, the rDNA genes that encode rRNAs, the major components of ribosome, are arrayed in many copies at nucleolar organizer regions. Each mammalian rDNA gene is about 43 kb, includes a promoter and transcribed and nontranscribed regions, and is specifically transcribed by RNA polymerase I (Pol I) 4 in nucleoli to produce pre-rRNA transcripts that will be processed into 18, 5.8, and 28 S rRNAs ( Fig.  4A ) (1, 2) . rDNA transcription by Pol I requires the coordinated function of a transcription activator termed upstream binding factor (UBF) and the promoter selectivity factor (SL1 in humans and TIF-IB in mice), a complex that contains TBP and a few TAF proteins (3, 4) . UBF activates rDNA transcription by recruiting Pol I and acts synergistically with SL1 to promote the assembly of Pol I preinitiation complex (5, 6) . rDNA transcription is a fundamental determinant of cellular growth and proliferation. Cumulative studies indicate that rDNA transcription is tightly regulated via epigenetic mechanisms (7, 8) . First, a subset of rDNA genes are silenced via formation of a repressive heterochromatin structure mediated by a chromatin remodeling complex, NoRC, that also recruits histone modification enzymes and DNA methyltransferase, DNMT1 (9 -11) . Second, NuRD, a histone deacetylase and chromatin remodeling complex, has been shown to render a subset of rDNA genes in a poised state (12) . Third, the remaining actively transcribed rDNA genes are regulated at the steps of transcriptional initiation and elongation via reversible histone modifications (2, 8, 13) . Consistently, various chromatin modification enzymes, including PCAF, SIRT1, SUV39H1, PHF2, and PHF8, have been shown to play a role in regulation of rDNA transcription (13) (14) (15) (16) (17) (18) .
PHF2 (also known as JHDM1E and KDM7B), PHF8 (also known as JHDM1F and KDM7C), and KIAA1718 (also known as JHDM1D and KDM7A) are more closely related members of the ␣-ketoglutarate/Fe 2ϩ -dependent dioxygenases characterized by the presence of a Jumonji domain (19, 20) . Many but not all proteins of this family have been shown to possess histone/non-histone demethylase activity. The enzymatic activity for PHF8 has been extensively studied, and the general conclusion is that PHF8 possesses demethylase activities toward H3K9me1/2 (13, 18, (21) (22) (23) and H4K20me1 (23, 24) . However, the exact demethylase activity for PHF2 is less clear.
In one study, PHF2 was not detected for any histone demethylase activity, and the lack of demethylase activity was explained by one major amino acid alteration in the JmjC domain of PHF2 (25) . In other studies, PHF2 has been respectively reported to exhibit an H3K9me1-specific activity (17) , a protein kinase A (PKA)-dependent H3K9me2 demethylase activity (26) , and H4K20me3 demethylase activity (27) . In addition to the JmjC domain, PHF2, PHF8, and KIAA1718 are unique among the JmjC family proteins with possession of an N-terminal PHD (plant homeodomain) domain. These PHD domains have been shown to specifically bind H3K4me2/3 (13, 17, 21, 22, 25, 28, 29) , an epigenetic mark commonly enriched at the promoter region and associated with transcriptional activation (19) . Given that both PHF2 and PHF8 are enriched in nucleoli, PHF8 and PHF2 have been studied for their function in rDNA transcription. PHF8 was shown to interact with UBF and facilitate rDNA transcription, depending on its H3K4me3 binding and H3K9me1/2 demethylase activity (13, 17, 18) , whereas PHF2 was also shown to activate rDNA transcription, depending on its H3K4me3 binding activity (17) . In addition, PHF8 has been shown to interact with specific transcription factors, such as RAR␣ (21) and NOTCH1 intracellular domain (30) , as well as RNA polymerase II (Pol II) (28) and functions as a coactivator, whereas PHF2 has been shown to interact with CEBPA to regulate adipogenesis (31) , with ARID5B to regulate PKA-dependent gene induction of Pepck and G6Pase (26) , and with NF-B to regulate proinflammatory gene programs (27) .
In this study, we have characterized in more detail how PHF2 localizes to the nucleolus, and we found, surprisingly, that PHF2 inhibits rather than activates rDNA transcription. The inhibition of rDNA transcription is dependent on its H3K4me3 binding activity but not its demethylase activity. We present evidence that PHF2 may inhibit rDNA transcription by antagonizing PHF8 and by recruitment of corepressor SUV39H1. In addition, we present evidence that PHF2 also has a repression function for transcription by Pol II.
EXPERIMENTAL PROCEDURES
Plasmids, Antibodies, Enzymes, siRNAs, shRNAs, Primers, and Cell Lines-The plasmids for FLAG-PHF2, FLAG-PHF2-M20A, FLAG-PHF2-HD/AA(H249A/D251A), FLAG-PHF2⌬PHD, GFP-PHF2, GFP-PHF2⌬PHD, GFP-PHF2⌬JmjC, GFP-PHF2(1-414), GFP-PHF2(1-755), GFP-PHF2(749 -1096), GFP-PHF2-M20A, GST-PHF2-PHD, GST-PHF2-PHD-M20A, GST-PHF8-PHD, GST-PHF8-PHD-M37A, FLAG-OCT4, FLAG-KLF4, and V5-SUV39H1 were constructed in our laboratory. FLAG-PHF8, GAL4-RAR␣, 4ϫUAS-TK-luc, IAP-luc, and Rex1-luc were described previously (21, (32) (33) (34) . The two PHF2 shRNAs, ShPHF2-1 (against coding region) and ShPHF2-2 (against noncoding region) and PHF8 shRNA (shPHF8) were from Open Biosystems. Mouse monoclonal antibodies used in this study were as follows: FLAG, BrU, and ␤-actin from Sigma; UBF and Pol I from Santa Cruz Biotechnology, Inc.; GAPDH from Abmart. Commercial rabbit polyclonal antibodies used were as follows: H3K9me1 from Abcam, H3K9me2 from Upstate, nucleolin from Dr. Philippe Bouvet, and V5 from Invitrogen. Rabbit anti-PHF2 antibody was raised against purified recombinant GST-PHF2(830 -1098), corresponding to the PHF2 C-terminal region amino acids 830 -1098, and rabbit anti-PHF8 antibody was raised against GST-PHF8(2-251), corresponding to the PHF8 N-terminal region amino acids 2-251. Fluochore-conjugated secondary antibodies are from Jackson ImmunoResearch. DNase I and RNase A were from New England Biolabs. The siRNAs against PHF2 and PHF8 and quantitative PCR primers are listed in Table 1 . Cells were routinely cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and antibiotics. Transient transfection was performed using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Pull-down Assay with Biotinylated Histone Peptides-A pulldown assay with biotinylated histone H3 tail peptides (aa 1-21) containing or not containing H3K4me3 was performed essentially as described (35) . For analyzing the binding of H3K4me3 in the context of full-length PHF2 proteins, the whole cell extracts derived from HeLa cells expressing the wild-type PHF2 or M20A mutant were used. For analyzing the binding of H3K4me3 in the isolated PHD domain, purified recombinant GST-PHF2-PHD or GST-PHF8-PHD or their mutants were used.
Co-immunoprecipitation-To detect the interaction between ectopic expressed SUV39H1 and PHF2, HEK293T cells were transfected with V5-SUV39H1 alone or together with FLAG-PHF2, and immunoprecipitation was performed with mouse anti-FLAG antibody followed by Western blot with rabbit V5, mouse FLAG, and GAPDH antibodies. For detection of coimmunoprecipitation with endogenous PHF2 and PHF8, as shown in Fig. 4G , HEK293T cells were transfected with or without Myc-SUV39H1, and immunoprecipitation was performed with mouse anti-Myc antibody followed by Western blot with anti-PHF2 or anti-PHF8 antibody, as indicated.
Fluorescence Microscopy-Indirect immunofluorescence was performed essentially as described (36) . In brief, HeLa cells Chromatin Immunoprecipitation (ChIP)-ChIP assays were performed essentially as described (37) . In brief, control HeLa cells and HeLa cells stably expressing shPHF2-1 were crosslinked with 1% formaldehyde for 10 min, sonicated, and immunoprecipitated with antibodies, as indicated, followed by quantitative PCR with primer pairs specific to different regions of rDNA genes, as summarized in Fig. 4A and Table 1 .
Quantitative RT-PCR-RNA extraction and RT-PCR for pre-rRNA were performed as described (37) The RT-PCR analyses for PHF2, PHF8, JARIDIC, and CDC40 mRNA were performed as described (35) using primers listed in Table 1 .
Luciferase Reporter Assay-HeLa cells were transfected with 4xUAS-TK-luc, Gal4-RAR␣, and various amounts of FLAG-PHF2 or control vector, as indicated, and cells were treated with or without 1 nM retinoic acid and subjected to a luciferase reporter assay according to the Promega Dual-Luciferase reporter assay kit as shown previously (21) . For analyzing the effect of PHF2 and PHF8 on transcriptional activation by OCT4 and KLF4, HeLa cells were transfected with Rex1-Luc or IAPLuc reporter and various amounts of FLAG-PHF2 or FLAG-PHF8, as indicated, and the luciferase reporter assay was carried out essentially as described (32) .
BrUTP Incorporation Assay-BrUTP incorporation was performed essentially as described (38) . Briefly, HeLa cells were transfected with GFP-tagged PHF2 or mutants. Two days after transfection, BrUTP was transfected into cells with Lipofectamine 2000 accordingly (38) . Cells were then fixed and stained with BrU antibody and rhodamine-conjugated secondary antibody. Nuclei were stained with Hoechst 33342.
RESULTS

The PHF2 Nucleolus Localization Is Independent of Its H3K4me3
Binding and Putative Demethylase Activities-PHF2 was reported to be enriched in nucleoli (17) , but the molecular determinant(s) of the nucleolus localization was not studied. Using an affinity-purified rabbit polyclonal antibody raised against PHF2 C-terminal region amino acids 830 -1098, we confirmed the endogenous PHF2 in HeLa and 293T cells colocalized with the transfected FLAG tagged nucleolin (FLAG-NCL), a marker of nucleoli (Fig. 1A) . Using GFP-tagged PHF2, we further confirmed the PHF2 nucleolus localization in HeLa cells (Fig. 1B) and other cell lines (data not shown). We thus generated various GFP-tagged PHF2 mutants and examined their subcellular localization in HeLa cells. The representative results in Fig. 1B show that the nucleolus localization of PHF2 is dependent neither on its H3K4me3 binding activity nor its demethylase activity, because the PHF2 mutants with deletion of either the PHD domain (⌬PHD) or JmjC domain (⌬JmjC) maintained a pattern of nucleolus-enriched localization. We found that the N-terminal region 1-755 exhibited a nucleolus location, whereas the more N-terminal fragment 1-414 was primarily cytoplasmic. On the other hand, the C-terminal region 749 -1096 exhibited a nucleolus localization. Thus, our data suggest the existence of two independent nucleolus localization determinants in PHF2, although the exact sequences involved in the nucleolus localization remain to be determined.
We next tested whether the nucleolus localization of PHF2 is dependent on rDNA binding and/or RNA association. The results in Fig. 1D show that, much like the case of nucleolin, the nucleolus localization of PHF2 is dependent on RNA association because treatment of permeabilized HeLa cells with RNase A but not DNase I abolished its nucleolus localization.
By using mammalian expressed FLAG-PHF2 and an in vitro peptide pull-down assay, we confirmed the previous finding (17) that PHF2 binds preferentially the immobilized H3K4me3-containing histone H3 tail peptide (aa 1-21) in comparison with the control H3 peptide (Fig. 1E) . Also in agreement with the previous report (17) , deletion of PHD domain or mutation of a single key residue, Met 20 , to alanine within the PHD domain abolished the preferential H3K4me3 binding activity of PHF2 (Fig. 1E ). We also confirmed by using recombinant GSTtagged PHD domain and an in vitro pull-down assay that the PHF2 PHD domain is sufficient for binding of H3K4me3 and that M20A mutation abolishes the H3K4me3 binding activity (Fig. 1F) . As a comparison, the PHD domain from PHF8 is also sufficient for binding H3K4me3 peptide, and an equivalent M37A mutation abolishes the binding. Note that GST-PHF2-PHD exhibited a better binding of H3K4me3 peptide than GST-PHF8-PHD, a result consistent with a previous study (25) .
PHF2 Suppresses rDNA Transcription-Although PHF2 and PHF8 appear to exhibit distinct histone demethylase activities, both proteins have been shown to activate rDNA transcription (13, 17, 18) . We therefore were interested in the underlying mechanisms by which these two closely related but distinct demethylases regulate rDNA transcription. Toward this end, we established conditions to efficiently deplete PHF2 or PHF8 in HeLa and HEK293T cells by transfecting siRNA against either PHF2 (siPHF2) or PHF8 (siPHF8). The specific knockdown upon 2 days of siRNA transfection was confirmed by Western blot analysis of the corresponding cellular extracts using PHF2-or PHF8-specific antibody ( Fig. 2A) . We then measured the effect of knockdown of PHF2 and PHF8 on prerRNA synthesis by qRT-PCR. Surprisingly, we observed that, whereas PHF8 knockdown resulted in reduced levels of prerRNA synthesis, PHF2 knockdown led to increased levels of pre-rRNA synthesis in both HeLa and HEK293T cells (Fig. 2B ). This effect of siPHF2 on rDNA transcription is unlikely to be cell type-specific because it was also observed in HCT116 and A549 cells (Fig. 2C) . To minimize the possibility that the observed effect on rDNA transcription is due to an off-target effect of siPHF2, we made use of two different shPHF2 constructs to knock down PHF2 in HeLa and HEK293T cells (Fig.  2D) . Endogenous PHF2 was significantly depleted by transfection of these two shRNAs, as demonstrated by Western blot analysis (Fig. 2D) . Note that neither shRNA affected the level of endogenous PHF8 proteins, suggesting that both shRNAs are highly specific to PHF2 (Fig. 2D) . Subsequent qRT-PCR analysis confirmed that knockdown of PHF2 by either of these two shRNAs led to increased levels of pre-rRNA transcripts, and the degree of this increase correlated with the extent of knockdown by these two shRNAs (Fig. 2E) . Thus, our RNA interference PHF2 Represses rDNA Transcription OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43
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experiments revealed an opposite role for PHF2 and PHF8 in control of rDNA transcription. In support of this idea, we found that, although knockdown of PHF2 or PHF8 led to increased or decreased pre-rRNA synthesis, simultaneous knockdown of both PHF2 and PHF8 nearly restored the pre-rRNA synthesis to the level of the control cells (Fig. 2F) .
PHD but Not JmjC Domain Is Crucial for PHF2 to Inhibit rDNA Transcription-To investigate how PHF2 represses rDNA transcription, we next tested whether overexpression of PHF2 is able to repress endogenous rDNA transcription in HEK293T cells and, if it does so, the role of its H3K4me3 binding activity and putative demethylase activity in repression. We found that ectopic expression of an increasing amount of FLAG-tagged PHF2 led to progressive repression of endogenous rDNA transcription (Fig. 3A) . This repressive activity is probably dependent on binding of H3K4me3 because the repression was not observed for the PHF2 mutant with deletion of the PHD domain (Fig. 3A) . The expression of both wild-type and PHD deletion mutant PHF2 was verified by Western blot analysis (Fig. 3A, bottom) .
Previous structural analysis indicated that PHF2 binds H3K4me3 through a hydrophobic cage formed with residues Tyr 7 , Tyr 14 , Met 20 , and Trp 29 in its PHD domain (17) . Because our in vitro pull-down assay demonstrated that M20A substitution inactivated the H3K4me3 binding activity of PHF2 (Fig.  1, E and F) , we tested further the role of H3K4me3 binding activity of PHF2 in repression of rDNA transcription by using the M20A mutant PHF2. For testing the potential role of PHF2 demethylase activity in rDNA repression, we used the HD/AA mutant that has both His 249 and Asp 251 residues substituted with alanine. His 249 and Asp 251 are believed to be required for binding of Fe 2ϩ , and their mutation would inactivate PHF2 demethylase activity (25, 27) . Note that in the peptide pulldown assay, this mutant maintained an intact H3K4me3 binding activity (Fig. 1E) .
When increasing amounts of FLAG-PHF2, FLAG-PHF2-M20A, or FLAG-PHF2-HD/AA plasmids were transfected into HEK293T cells, we confirmed by Western blot analysis the increased expression of the corresponding proteins (Fig. 3B,  bottom) . Again, whereas increasing amounts of FLAG-PHF2 led to progressively decreased expression of rDNA (Fig. 3B) , the PHF2-M20A mutant was much less active in repression of rDNA transcription. In fact, at a low level of M20A expression that is closer to the endogenous level of PHF2, essentially no repression of rDNA transcription was observed (Fig. 3B) . On the other hand, the PHF2-HD/AA mutant exhibited a repression of rDNA transcription comparable with that of wild-type PHF2, indicating that the putative demethylase activity is not required for repression.
To test further the distinct role of H3K4me3 binding and demethylase activity in repression of rDNA transcription, we made use of a shRNA (shPHF2-2) that targets the 3Ј-untrans-FIGURE 1. Characterization of PHF2 nucleolus localization. A, nucleolus localization for endogenous PHF2 in HeLa and 293T cells. HeLa or 293T cells were transfected with FLAG-tagged nucleolin (Flag-NCL), and double immunostaining was performed for FLAG tag and endogenous PHF2. B, the mapping of sequence determinant(s) for PHF2 nucleolus localization. HeLa cells were transiently transfected with GFP-tagged PHF2 and various deletion mutants, and their subcellular localization was determined by using a fluorescent microscope. Nuclei were stained with Hoechst 33342. C, diagram illustrating the various PHF2 deletion constructs used in B and a summary of their nucleolus localization status. D, the nucleolus localization of both PHF2 and PHF8 is sensitive to RNase A treatment but insensitive to DNase I treatment. The HeLa cells were transfected with either FLAG-PHF2 or FLAG-PHF8 and then treated with RNase A or DNase I at a final concentration of 100 g/ml or 10 units/ml at 37°C for 30 min before they were processed for immunofluorescent staining for FLAG-PHF2 or FLAG-PHF8 using anti-FLAG antibody. Immunofluorescent staining was also performed for endogenous nucleolin, which served as a control for nucleolus integrity. E, in vitro peptide pull-down assay examining the binding of FLAG-tagged PHF2, PHF2 with deletion of PHD domain (PHF2⌬PHD), and PHF2 with M20A mutation to control H3 and H3 peptide with H3K4me3. Both peptides contain the H3 N-terminal tail aa 1-21 with a C-terminal biotin moiety. F, in vitro peptide pull-down as in E but with purified recombinant GST-PHF2-PHD domain or GST-PHF8-PHD domain and their mutant as indicated.
lated region of PHF2 mRNA to knock down the endogenous PHF2 and then performed rescue experiments by expressing FLAG-tagged PHF2, PHF2-M20A, or PHF2-HD/AA mutant. Subsequent qRT-PCR analysis revealed that, whereas knockdown of PHF2 resulted in increased pre-rRNA expression, this elevated pre-RNA expression could be partially suppressed by ectopic expression of either wild-type PHF2 or PHF2-HD/AA mutant but not the PHF2-M20A mutant (Fig. 3C) . Taken together, these data indicate that the repression of rDNA transcription by PHF2 is largely dependent on its H3K4me3 binding activity and surprisingly is independent of its demethylase activity.
To ascertain that PHF2 represses rather than activates rDNA transcription, we next employed an independent assay for rDNA transcription. Because rDNA transcription accounts for more than half of the total RNA synthesis in proliferating cells, incorporation of BrUTP by a short pulse labeling followed by immunofluorescent staining using anti-BrU antibody can be used to measure the relative synthesis rate of rRNA synthesis in nucleoli (38, 39) . We thus transfected HeLa cells with plasmids encoding GFP-tagged PHF2, PHF2-M20A, or PHF2-⌬JmjC mutant and carried out BrUTP pulse labeling experiments. As shown in the top panel of Fig. 3D , we observed bright dotlike BrU signals that represented rRNA synthesis in the nucleolus in the untransfected control cells. However, the BrU incorporation, as measured by BrU dot sizes and intensity, was much reduced in the GFP-PHF2-expressing cells. Importantly, no significant difference in BrU incorporation was observed between the untransfected control and GFP-PHF2-M20A mutantexpressing cells (Fig. 3D, middle) . Note that the BrU dots colocalized exactly with GFP-PHF2-M20A proteins, indicating that these dots indeed represented rRNA synthesis in nucleoli. On the other hand, much like the cells expressing the wild-type GFP-PHF2, the cells expressing GFP-PHF2-⌬JmjC also showed significantly reduced BrU incorporation. The same results were observed when 293T cells were used (data not shown). Together, our RT-PCR analysis and BrUTP incorporation experiments provide compelling evidence that PHF2 represses rDNA transcription in an H3K4me3 binding-dependent and demethylase activity-independent manner.
PHF2 Inhibits the Binding of PHF8 to rDNA Genes-We next wished to investigate the underlying mechanism for repression of rDNA transcription by PHF2. Because PHF2 plays a role opposite to that of PHF8 in regulating rDNA transcription (Fig.  2) and PHF8 regulates rDNA transcription in an H3K4me3 binding-dependent manner (13), we tested the hypothesis that PHF2 may repress rDNA transcription by competing with PHF8 for binding of rDNA promoter. In support of this hypothesis, it was reported previously that the PHD domain of PHF2 has an ϳ4-fold higher affinity for H3K4me3 than that of PHF8 (25) , which is also in agreement with our in vitro peptide pulldown data in Fig. 1F . To test this hypothesis, we first analyzed the association of PHF2 with various regions of rDNA genes (Fig. 4A) in HeLa cells by a ChIP assay. As a control for PHF2 antibody specificity, we performed the ChIP assay using PHF2 knockdown HeLa cells (Fig. 4B) . This analysis revealed a sub-FIGURE 2. PHF2 inhibits rather than activates rDNA transcription. A, depletion of PHF2 and PHF8 by specific siRNAs. HeLa or HEK293T cells were transfected with siRNA against either PHF2 (siPHF2) or PHF8 (siPHF8) for 2 days, and the effect on the levels of endogenous PHF2 and PHF8 was determined by Western blot. Actin served as a loading control. siCtrl, nonspecific control siRNA. Concentration for each siRNA is 100 nM. B, Knockdown of PHF2 and PHF8 has opposite effects on rRNA transcription. HeLa or HEK293T cells were treated with control, siPHF2, or PHF8 as in A, and the effects on the levels of pre-rRNA transcripts were determined by quantitative RT-PCR analysis. Error bars, S.D.; n ϭ 3. C, knockdown of PHF2 in HCT116 and A549 cells also led to increased rDNA transcription. HCT116 and A549 cells were transfected with siCtrl or siPHF2 for 2 days and then collected for Western blot analysis for PHF2 (left) or the levels of pre-rRNA transcripts by RT-PCR (right). The data are shown as levels of pre-rRNA transcription in siPHF2-treated cells relative to that of siCtrl-treated cells. Error bars, S.D.; n ϭ 3. D, specific knockdown of PHF2 in HeLa or HEK293T cells by two distinct PHF2 shRNA constructs. HeLa or HEK293T cells were stably transfected with two different PHF2 shRNAs, ShPHF2-1 and ShPHF2-2, followed by Western blot analyses with antibodies against PHF2, PHF8, and ␤-actin. shCtrl, the control shRNA vector. E, knockdown of PHF2 with either of two distinct shRNAs led to increased expression of pre-rRNA. The relative levels of pre-rRNA in the HeLa and HEK293T cells stably transfected with shPHF2-1, shPHF2-2, or control shRNA were measured by qRT-PCR. Error bars, S.D.; n ϭ 3. F, simultaneous knockdown of PHF2 and PHF8 nearly restored the normal level of rDNA transcription. HeLa cells were transfected with siCtrl, siPHF2, siPHF8, and siPHF2 ϩ siPHF8, respectively, and the effect on the levels of PHF2 and PHF8 proteins was revealed by Western blot analysis (left), and the effect on rDNA transcription was determined by qRT-PCR analysis (right). Error bars, S.D.; n ϭ 3. OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43 stantial enrichment of PHF2 in the promoter region of the rDNA gene, although the association with other regions of rDNA genes was also detected (Fig. 4B) . To test whether the observed PHF2 promoter enrichment is dependent on its H3K4me3 binding activity, we expressed FLAG-tagged PHF2 and PHF2-M20A mutant in HeLa cells and compared their association with rDNA promoter by ChIP assay using anti-FLAG antibody. As shown in Fig. 4C , the wild-type PHF2, but not the PHF2-M20A mutant, was found to associate with the rDNA promoter. This finding provides evidence that the observed PHF2 rDNA promoter enrichment is probably dependent on its H3K4me3 binding activity, a result that is also consistent with the observed H3K4me3 peak in the rDNA promoter (37) .
PHF2 Represses rDNA Transcription
In support of our hypothesis that PHF2 inhibits PHF8 for binding of rDNA promoter, we found that knockdown of PHF2 led to increased association of PHF8 with the rDNA genes, especially at the promoter region (Fig. 4D) . Furthermore, knockdown of PHF2 also led to an increased association of Pol I transcription factor UBF at the promoter. Thus, our ChIP analyses provide evidence that PHF2 inhibits PHF8 for binding of the rDNA promoter, which in turn may suppress the association of UBF with rDNA genes and consequently the repression of rDNA transcription.
PHF2 Recruits SUV39H1-We also examined by ChIP assay how knockdown of PHF2 affected histone modifications in the rDNA promoter. We found that knockdown of PHF2 led to a moderate increase in H3K4me3 and acetylated histone H3 Lys 9 and a decrease in H3K9me3, whereas the level of histone H3 did not show any significant change (Fig. 4E) . The observed increase in H3K4me3 and decrease in H3K9me3 were consistent with elevated rDNA transcription upon knockdown of PHF2 but were unlikely to be the direct effect of PHF2 knockdown because PHF2 is not known for H3K4me3 demethylase activity, not to mention for promoting H3K9me3. We found that knockdown of PHF2 also led to decreased association of H3K9me2/3 methyltransferase SUV39H1 with the rDNA promoter (Fig. 4E) . On the other hand, knockdown of PHF2 had no effect on the association of TIP5 (10), the large subunit of NoRC complex, with the rDNA promoter (Fig. 4E) , suggesting that PHF2 is unlikely to inhibit rDNA transcription by influencing the repressive function of NoRC.
Because our ChIP assay revealed a potential role for PHF2 in recruiting SUV39H1 to the rDNA promoter (Fig. 4E) , we next examined whether PHF2 interacts with SUV39H1. By a coimmunoprecipitation assay, we found that V5-SUV39H1 interacted with FLAG-PHF2 when both were ectopically expressed in 293T cells (Fig. 4F) . Furthermore, the co-immunoprecipita-FIGURE 3. PHF2 inhibits rDNA transcription in an H3K4me2/3 binding activity-dependent and demethylase activity-independent manner. A, HEK293T cells transfected with increasing amounts of FLAG-PHF2, FLAG-⌬PHF2, or control vector, and the effects on rDNA transcription were determined by qRT-PCR analysis (top). The expression of FLAG-PHF2 and FLAG was revealed by Western blot analysis using anti-FLAG antibody (bottom). Error bars, S.D.; n ϭ 3. B, HEK293T cells were transfected with increasing amounts of FLAG-PHF2, FLAG-PHF2-M20A, and FLAG-PHF2-HD/AA, and the effects on rDNA transcription were determined by qRT-PCR analysis (top). The expression of FLAG-PHF2, FLAG-PHF2-M20A, and FLAG-PHF2-HD/AA mutants was verified by Western blot analysis with anti-FLAG antibody (bottom). Error bars, S.D.; n ϭ 3. C, restoration of rDNA repression by ectopic expression of wild-type and HD/AA mutant PHF2 but not M20A mutant in shPHF2-2-expressing HEK293T cells. HEK293T cells were infected with lentiviral shPHF2-2, which is against the non-coding region of PHF2, to establish shPHF2-2 stable expressing cells. These cells were then transiently transfected with vector alone, FLAG-PHF2, FLAG-PHF2-M20A, or FLAG-PHF2-HD/ AA, as indicated, and the effects on rDNA transcription were determined by qRT-PCR analysis. Error bars, S.D.; n ϭ 3. The expression of transfected PHF2 and its mutants was verified by Western blot with anti-FLAG antibody. D, a BrUTP incorporation assay demonstrated that PHF2 inhibits rRNA transcription, and this inhibition depends on PHD rather than the JmjC domain. HeLa cells were transfected with GFP-PHF2, GFP-PHF2-M20A, or GFP-PHF2⌬JmjC, and 2 days after transfection, 2 mM BrUTP was added to the medium for 30 min. Cells were then immunostained with anti-BrU antibody and rhodamine-conjugated goat anti-mouse secondary antibody. The bright BrU dots observed in control cells correspond to highly actively transcribed nucleolus regions. The transfected GFP-PHF2 and its mutants were revealed by direct fluorescence.
tion assay demonstrated that ectopically expressed Myc-SUV39H1 interacted with endogenous PHF2 but not PHF8 in 293T cells (Fig. 4G) . Taken together, our data provide evidence that PHF2 is likely to repress rDNA transcription by at least the following two mechanisms: inhibiting the binding of coactivator PHF8 and recruiting the corepressor SUV39H1.
PHF2 May Act as a General Corepressor for RNA Pol II-transcribed Genes-PHF8 has not only been shown to activate rDNA transcription but also RAR␣ and other transcription factors and is likely to serve as a general coactivator through its association with RNA polymerase II (21, 28, 29) . Given our finding that PHF2 antagonizes PHF8 in regulating rDNA transcription, we were interested in testing whether PHF2 may also repress Pol II-transcribed genes. Using a luciferase reporter assay, we first tested the effect of PHF2 on RAR␣ activated transcription. We found that expression of an increasing amount of FLAG-PHF2 progressively diminished the transcriptional activation from a 4xUAS-TK-Luc reporter driven by GAL4-RAR␣ (Fig. 5A ). This result is contrary to our previous observation that expression of an increasing amount of FLAG-PHF8 led to a gradually increased activation by GAL4-RAR␣ from the same reporter (21) . We next compared the effect of ectopic expression of PHF2 and PHF8 on transcriptional activation by transcription factors OCT4 and KLF4. As shown in Fig. 5 , B and C, PHF8 enhanced transcriptional activation by OCT4 and KLF4 in a dose-dependent manner, whereas PHF2 repressed their transcriptional activation also in a dose-dependent manner. Moreover, to test whether the endogenous PHF2 also plays an opposite role to PHF8 in transcription, we transfected HEK293T cells with shRNA against PHF2 or PHF8 and quantitatively measured the levels of several known PHF8 target genes by qRT-PCR. We first confirmed by qRT-PCR that the levels of PHF2 and PHF8 mRNA were specifically depleted by their corresponding shRNAs (Fig. 5D) . RT-PCR analysis for Table 1 ). B, ChIP analysis showing PHF2 is highly enriched in the rDNA gene promoter. ChIP analysis for PHF2 association at four different regions of the rDNA gene was performed with HeLa cells stably expressing either ShPHF2-1 or control shRNA. The results were presented as percentage of input. Error bars, S.D.; n ϭ 3. The knockdown of PHF2 by shPHF2-1 was verified by Western blot analysis. C, PHF2 requires PHD domain to bind rDNA promoter. HeLa cells transfected with FLAG-PHF2 or FLAG-PHF2-M20A were subjected to a ChIP assay with anti-FLAG antibody, and the promoter association was analyzed. Error bars, S.D.; n ϭ 3. A fraction of the cells were subjected to Western blot with PHF2, FLAG, and ␤-actin antibodies. D, knockdown of PHF2 led to increased association of PHF8 and UBF with the rDNA promoter. HeLa cells stably expressing either shPHF2-1 or control shRNA were subjected to ChIP analysis for PHF8 (left) or UBF (right). Note that the -fold changes in rDNA occupancy between ShPHF2-1-treated and control cells are shown. Error bars, S.D.; n ϭ 3. E, knockdown of PHF2 led to decreased association of SUV39H1 and reduced H3K9me3 methylation at the rDNA promoter. A ChIP assay was performed as in C using antibodies as indicated. Error bars, S.D.; n ϭ 3. F, co-immunoprecipitation of ectopically expressed SUV39H1 and PHF2. HeLa cells were transfected with V5-SUV39H1 alone or together with FLAG-PHF2, and immunoprecipitation was performed with FLAG antibody, followed by Western blot analysis with rabbit V5 and mouse FLAG and GAPDH antibodies. G, co-immunoprecipitation of ectopically expressed SUV39H1 with endogenous PHF2. HeLa cells were transfected with or without Myc-SUV39H1, and immunoprecipitations were performed with anti-Myc antibody, followed by Western blot analysis using anti-PHF2 or PHF8 antibody, as indicated.
PHF8 target genes (29) revealed that, whereas, as expected, knockdown of PHF8 led to reduced expression of JARID1C, CDC40, and OCR5, knockdown of PHF2 resulted in increased expression of these genes (Fig. 5D) . As an internal control, qRT-PCR analysis showed that knockdown of PHF2 and PHF8 led to opposite effects on rDNA transcription. Together, these data indicate that, contrary to PHF8, PHF2 is likely to serve as a general transcriptional corepressor.
DISCUSSION
In an attempt to better understand how histone modifications regulate rDNA transcription, we investigated how PHF2 and PHF8, two related histone demethylases that are known to be enriched in the nucleolus, regulate rDNA transcription. We show that the nucleolus localization is independent of the H3K4me2/3 binding activity and demethylase activity of PHF2 (Fig. 1) . It is of note that PHF2 seems to contain two separate sequence determinants for nucleolus localization (Fig. 1C) . The presence of more than one such sequence determinant may contribute to the widespread nucleolus localization observed for PHF2 in various cells that we have tested (data not shown). Much like nucleolin proteins, digestion with RNase A rather than DNase I abrogated the PHF2 nucleolus localization (Fig.  1D) , suggesting that the PHF2 nucleolus localization relies on direct or indirect association with rRNA rather than binding of DNA.
Through a proteomics approach, we first identified PHF2 as a H3K4me2/3-specific binding protein (40) . Wen et al. (17) later elegantly demonstrated via both biochemical and crystallographic studies that the PHD finger of PHF2 is responsible for the recognition of H3K4me2/3 mark. They also showed that the H3K4me2/3-PHD interaction is essential for PHF2 occupancy of rDNA genes (17) . Our data are consistent with their data in these aspects. However, our data differ from theirs in that PHF2 represses rather than activates rDNA transcription. To ascertain this unexpected result, we employed, in addition to qRT-PCR analysis of pre-rRNA transcripts, an independent BrUTP labeling assay. We observed in this assay that overexpression of PHF2 repressed BrUTP incorporation into the nucleolus (Fig.  3D) . Furthermore, in agreement with our qRT-PCR analyses, the BrUTP labeling assay demonstrated that the H3K4me2/3 binding activity is essential for repression of rDNA genes by PHF2, whereas the demethylase activity is dispensable (Fig. 3C) . Collectively, our data suggest that PHF2 represses rather than activates rDNA transcription. The reason for the discrepancy between previous data and our present data is not clear, but it may lie in differences in the analysis of pre-rRNA transcripts.
Our study demonstrates that PHF2 represses rDNA transcription independent of its putative demethylase activity because neither deletion of JmjC domain nor HD/AA mutation affects the repression activity (Fig. 3) . In this regard, it is noteworthy that, in our hands, we could not detect H3K9me2 demethylase activity for PHF2, although a weak H3K9me1 demethylase activity could be inconsistently detected in comparison with PHF8. Thus, our data are consistent with the FIGURE 5. PHF2 and PHF8 play opposite roles in transcriptional regulation by RAR␣, OCT4, and KLF4. A, PHF2 inhibits transactivation by Gal4-RAR␣. HeLa cells were transfected with 125 ng of 4xUAS-TK-luc reporter and GAL4-RAR␣, together with either vector alone or 100, 200, or 300 ng of FLAG-PHF2. Two days after transfection, the cells were treated with or without 1 nM retinoic acid for 6 h and then subjected to a luciferase reporter assay and Western blot with FLAG and ␤-actin antibodies. Error bars, S.D.; n ϭ 3. B, PHF2 inhibits and PHF8 enhances transactivation by OCT4. HeLa cells were transfected with 100 ng of IAP-luc alone or together with an increasing amount (25, 50, 100, and 200 ng) of FLAG-PHF2 (PHF2) or FLAG-PHF8 (PHF8). The pSG5-FLAG vector was used to maintain the total amount of DNA in each transfection as 300 ng. A luciferase assay was performed 24 h after transfection. Error bars, S.D.; n ϭ 3. The expression of FLAG-PHF2, FLAG-PHF8, and FLAG-OCT4 was detected by Western blot using FLAG antibody. C, PHF2 inhibits and PHF8 enhances transactivation by KLF4. The experiments were essentially as in B, except the Rex1-luc reporter and FLAG-KLF4 plasmids were used. Error bars, S.D.; n ϭ 3. D, PHF2 inhibits the transcription of PHF8 target genes. HEK293T cells were stably transfected with ShPHF2-1, ShPHF2-2, shPHF8, or control shRNA, and the expression of pre-rRNA and PHF2, PHF8, JARIDIC, CDC40, and OCRL mRNAs was measured by qRT-PCR. Error bars, S.D.; n ϭ 3.
results of Horton et al. (25) and suggest that PHF2 may not possess or may possess only a low constitutive H3K9me1/2 demethylase activity. In this regard, it has been reported that the H3K9me2 demethylase activity of PHF2 requires a PKAdependent phosphorylation (26) .
Our study provides evidence that PHF2 may repress rDNA transcription at least in part by inhibiting PHF8 association with rDNA. In support of this notion, we showed that knockdown of PHF2 led to increased association of PHF8 with rDNA promoters (Fig. 4D) . We also observed increased association of UBF with the rDNA promoters upon PHF2 knockdown (Fig.  4D ), in agreement with an early report that PHF8 interacts with UBF and is likely to enhance rDNA transcription by promoting UBF binding (13) . The fact that double knockdown of PHF2 and PHF8 nearly restores the level of rDNA transcription to that of control cells is also consistent with the idea that PHF2 represses rDNA transcription at least in part by antagonizing PHF8. It should be pointed out that we could not exclude the possibility that PHF2 may repress transcription by competing with other H3K4me2/3-binding proteins, including KIAA1718. Furthermore, PHF2 is unlikely to inhibit rDNA transcription by promoting the silencing chromatin structure through NoRC because we found that knockdown of PHF2 did not affect the association of TIP5, the large subunit of NoRC, with the rDNA promoter.
Our study also presents evidence that PHF2 may repress rDNA transcription in part by recruiting SUV39H1 (Fig. 4 , E-G). We observed that knockdown of PHF2 led to reduced association of SUV39H1 and a diminished level of H3K9me3 at the rDNA promoters and that PHF2 and SUV39H1 interact with each other. Taken together, we proposed a working model in Fig. 6 that PHF2 is likely to repress rDNA transcription by competing with PHF8 for binding of the H3K4me3 mark in the rDNA promoter and thus antagonizing transcriptional activation by PHF8 and by recruiting SUV39H1, which presumably contributes to repression via catalyzing H3K9me2/3.
In addition to repressing rDNA transcription, our study also presents evidence that PHF2 may function as a general corepressor for transcription by RNA polymerase II. In contrast to PHF8, which enhances transcription by RAR␣, OCT4, and KLF4, PHF2 represses transcriptional activation by these transcription factors in reporter assays (Fig. 5) . Furthermore, whereas knockdown of PHF8 led to reduced expression of a few known PHF8 target genes, including JARID1C, CDC40, and OCR5 (28, 29) , knockdown of PHF2 resulted in elevation of their expression (Fig. 5D) . Thus, whereas PHF2 has been reported to activate transcription in various contexts through its associated H3K9me2 or H4K20me3 demethylase activities (26, 27) , our data raise the possibility that PHF2 may serve as a general transcription corepressor that is independent of its demethylase activity, presumably through antagonizing PHF8/ KIAA1718 or other H3K4me2/3-binding proteins and recruiting SUV39H1. Future work is necessary to further investigate the exact function of PHF2 in transcriptional regulation and the underlying mechanisms. The binding of PHF2 to the H3K4me3 in the rDNA promoter inhibits the binding of PHF8 to the same H3K4me3 mark, which results in reduced binding of UBF. PHF2 also recruits SUV39H1 to rDNA promoter. These two mechanisms are likely to work together to repress rDNA transcription. The same mechanisms may also apply to repression of Pol II target genes by PHF2. H3K4me3 and H3K9me3 are illustrated in short green and black lines, respectively, and the H3 tail is shown by a long blue line. Ac, acetylation. Me, methylation.
